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013.04.0Abstract The impulse and self starting characteristics of a mixed-compression hypersonic inlet
designed at Mach number of 6.5 are studied by applying the unsteady computational ﬂuid dynamics
(CFD) method. The full Navier–Stokes equations are solved with the assumption of viscous perfect
gas model, and the shear-stress transport (SST) k–x two-equation Reynolds averaged Navier–
Stokes (RANS) model is used for turbulence modeling. Results indicate that during impulse start-
ing, the ﬂow ﬁeld is divided into three zones with different aerodynamic parameters by primary
shock and upstream-facing shock. The separation bubble on the shoulder of ramp undergoes a gen-
erating, growing, swallowing and disappearing process in sequence. But a separation bubble at the
entrance of inlet exists until the freestream velocity is accelerated to the starting Mach number dur-
ing self starting. The mass ﬂux distribution of ﬂow ﬁeld is non-uniform because of the interaction
between shock and boundary layer, so that the mass ﬂow rate at throat is unsteady during impulse
starting. The duration of impulse starting process increases almost linearly with the decrease of free-
stream Mach number but rises abruptly when the freestream Mach number approaches the starting
Mach number. The accelerating performance of booster almost has no inﬂuence on the self starting
ability of hypersonic inlet.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
As the main compression component of a hypersonic propul-
sion system, the inlet affects the performance of scramjet
greatly. The mixed-compression type, which may cause start-84892444.
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18ing problem, is always employed in hypersonic inlet in order
to obtain better aerodynamic performance. The starting
problem is inherent to internal compression duct because the
structure does not allow surplus mass ﬂow to spill overboard.1
The starting characteristics of a hypersonic inlet determine di-
rectly the ﬂight envelope of aerocraft, so a variety of methods
have been developed to prevent the inlet from unstarted mode
and extend its stable operation envelope.
Over the past few decades, the starting problems of hyper-
sonic inlet have been studied extensively.2–11 Efforts have been
made to understand the ﬂow pattern at unstarted mode and ex-
plore the approaches of widening the ﬂight envelope of hyper-
sonic inlet. Mass ﬂow spillage12,13 and overspeeding14 have
been contrived to overcome the Kantrowitz limit, but theseSAA & BUAA. Open access under CC BY-NC-ND license.
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let from a practical point of view. More viable methods can be
categorized into two major classes15 variable geometries and
unsteady effects. The former approach improves the inlet start-
ing ability through regulating the mass ﬂow entry and the area
of throat.16 The latter approach makes use of highly unsteady
effects to overcome the Kantrowitz limit.1,17 Compared with
variable geometry inlet, the structure of ﬁxed geometry inlet
is simple. So the unsteady effects are a better method to im-
prove the starting ability of a ﬁxed geometry inlet.
The unsteady starting characteristics of inlet have been
studied numerically. Tahir et al.14 has studied the unsteady
starting process of inward turning supersonic inlets numeri-
cally, and the evolvement process of the ﬂow ﬁeld is described
in detail. The results indicate that the removal of frangible
structures such as sudden rupturing diaphragms may be em-
ployed near the leading edge of an inlet to sufﬁciently impose
high spatial gradients, so as to permit starting beyond Kantro-
witz’s limit. The higher ratio initial values of external to inter-
nal pressure are conducive to unsteady starting. But this paper
assumes that the gas is inviscid and neglects the viscous inﬂu-
ence on inlet starting. The viscous inﬂuence on the unsteady
starting is considered in Ref. 15, and the starting approaches
of opening doors, rocket plugs and sliding doors are employed.
Comparative analyses are conducted on the evolvement of
ﬂow ﬁeld of inlet with different starting approaches, and the
results indicate that the better starting capability could be ob-
tained with the approach of sliding doors. However, these
works mainly focus on the pure internal compression inlet
and the unsteady starting process of inlet with different ap-
proaches. The unsteady starting characteristics of inlet in im-
pulse wind tunnel, during which the unsteady starting shock
of impulse wind tunnel will sweep the inlet, are not referred to.
Different from a bow shock standing ahead the pure inter-
nal compression inlet, an oblique shock generated by cowl will
shoot into the internal compression duct of a mixed-compres-
sion inlet, which would beneﬁt overcoming the Kantrowitz
limit. The unsteady starting characteristics of mixed-compres-
sion hypersonic inlet in impulse wind tunnel and self starting
process will be discussed in this paper.
2. Models and numerical method
2.1. Inlet model
A model of axial-geometry mixed-compression hypersonic in-
let is sketched in Fig. 1. The inlet is designed for a shock-on-lip
Mach number of 6.5 and a self starting Mach number of 4.0.
The external compression is accomplished by a cone with
one turning, for which the initial half angle is 12 and the turn-
ing angle is 6. The internal contraction ratio equals 1.49.
Downstream of the throat, a three-dimensional variableFig. 1 Schematic diagram of the inlet model.section duct for which the area ratio of exit to throat is 1.19,
has been adopted.
2.2. Numerical method
The ﬂow was computed by solving the full Navier–Stokes
equations. An implicit algorithm with second-order spatial
accuracy and dual time-stepping is used for the computation
of transient ﬂow ﬁeld. Multigrid convergence acceleration is
employed and the transient ﬂow ﬁeld is converged at every glo-
bal time step. The ﬂuid is treated as compressible perfect gas
with composition of standard air. The shear-stress transport
(SST) two-equation Reynolds averaged Navier–Stokes
(RANS) model is used for turbulence modeling. The body sur-
faces of the inlet are assumed to be no-slip and adiabatic.
The variable laws of inﬂow parameters with time are con-
trolled by deﬁned functions. Residuals are continuously mon-
itored for continuity, k, x, axial-velocity, and radial-velocity.
The convergence criterion is that all of these residuals are
dropped below 103 with the mass ﬂow rate and the Mach
number of mass-weighted average at throat of inlet retaining
constant.
2.3. Example of veriﬁcation
The experiment, which is implemented by Izumi et al.18 for
studying the focusing process of shock waves reﬂected from
parabolic reﬂectors, is employed to verify the unsteady treat-
ment ability of the numerical method. The shape of the para-
bolic reﬂector is expressed by X= CY2, and the C equals 0.5.
The incident shock Mach number Ma= 1.5. The ﬂow pat-
terns at different moments are shown in Fig. 2, in which the
upper pictures are the experimental data and the lower pictures
are the computational results. The time t0 is nondimensional-
ized with respect to c1/2D/a1, where c is speciﬁc heats ratio,
D is the diameter of parabolic reﬂector and a1 is the speed of
sound in air ahead of the incident shock. It indicates that the
numerical results agree well with the experimental results so
the numerical method adopted in this study could describe
the unsteady process of complex ﬂow.
2.4. Computational mesh and boundary conditions
The ﬂow of an axial-inlet is axisymmetric when the freestream
attack angle is set to 0, so the two-dimensional axisymmetric
computation method is used in this study.(a)t =0.24    (b)t =0.35     (c)t =0.48    (d)t =0.82
Fig. 2 Comparison of experiment (upper picture) with compu-
tation (lower picture).
Table 1 Parameters of freestream.
Altitude
(km)
Mach
number
Static
pressure (Pa)
Static
temperature (K)
16.0 3.85 10353 216.65
16.0 4.00 10353 216.65
18.5 4.50 6995 216.65
20.0 5.00 5529 216.65
22.0 5.50 4047 218.57
24.0 6.00 2971 220.56
27.0 6.50 1880 223.50
Fig. 3 Computational domain and mesh.
Fig. 4 Time histories of mass ﬂow rate at throat for different
meshes.
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axisymmetric computation are sketched in Fig. 3.
The grids near the solid wall, where the viscous effect is
important, are tightened. AB and BC segments are assigned
with pressure far-ﬁeld, and the freestream parameters are
shown in the Table 1. CD and EF are the outﬂow boundary
where a zero gradient extrapolation is applied. AG and HF
are the axes.
The grid has some inﬂuence on the ﬂow ﬁeld and perfor-
mance of inlet, so a grid reﬁnement study is necessary. Prior
the study of unsteady starting of inlet, the analysis of gird inde-
pendence is implemented. Five sets of meshes with different
minimum spacing near the wall and numbers of mesh points
are generated and their parameters are shown in Table 2.
The time histories of mass ﬂow rate at throat of inlet during
impulse starting at Mach number of 6.5 are shown in Fig. 4,
from which can be found that the mesh inﬂuences the starting
process (marked with dashed circle). The time t is measured
after the computation begins. It can also be found that the re-
sults between mesh number 4 and 5 almost have no difference,
so the mesh number 4 is chosen.
3. Results and discussion
3.1. Impulse starting process and ﬂow structure of a hypersonic
inlet at design condition
The starting process of a hypersonic inlet is unsteady. The
starting type can be divided into impulse starting and self start-
ing in general. In this section, the impulse starting of an inlet atTable 2 Parameters of mesh.
Mesh number Minimum spacing (mm) Number of mesh points
1 0.15 54917
2 0.10 75603
3 0.05 97948
4 0.03 175708
5 0.02 210548design condition, i.e., the hypersonic vehicle ﬂies at the altitude
of 27 km with the Mach number of 6.5, is investigated. The
freestream parameters at design condition, which are used to
initialize the whole ﬂow ﬁeld, are assigned to the pressure
far-ﬁeld boundary of AB and BC. At the initial time
(t= 0 ms) of computation, the Mach number of the whole
ﬂow ﬁeld is set to 0, and then the unsteady computation
begins.
During impulse starting, the ﬂow ﬁeld, which is shown in
Fig. 5, is divided into three zones along the downstream direc-
tion. The gas with high pressure appears between primary
shock and upstream-facing shock. The gas downstream of pri-
mary shock is stagnant and the gas upstream of upstream-fac-
ing shock is the hypersonic test gas. This ﬂow pattern also
appears during the impulse wind tunnel starting.19,20 The stag-
nant gas swept by primary shock is accelerated greatly, and a
supersonic region with high pressure following the primary
shock is established. Upstream of the supersonic region is
the hypersonic test gas with low pressure and high total tem-
perature, and an upstream-facing shock is formed between
the low pressure region and the high pressure region in order
to meet the pressure and thermal balance. The starting shock
(including primary shock and upstream-facing shock) propa-
gates downstream with time until the inlet starts.
The pressure of the region between primary shock and up-
stream-facing shock is higher than that of other two regions,
but the total temperature decreases from the region of the
hypersonic test gas to the stagnant gas. This phenomenon is
described with the distributions of pressure and total tempera-
ture along the wall in Fig. 6. The pressure p and total temper-
ature T* are nondimensionalized with respect to the freestream
pressure p0 and temperature T0 respectively. X is the axialFig. 5 Mach number contours (t= 0.60 ms).
Fig. 7 Shock structure at the foot of upstream-facing shock.
Fig. 8 Pressure distributions along the wall at different time.
Fig. 6 Distributions of pressure and total temperature along the
wall.
566 W. Wang, R. Guocoordinate. It should be noted that a pressure peak appears at
the interface of disturbed gas and test gas. The ﬂow pattern at
the foot of primary shock is simple and the primary shock is
perpendicular to the wall (see Fig. 5). But the ﬂow pattern at
the foot of upstream-facing shock (marked with dashed circle
in Fig. 5) is very complex, which is shown in Fig. 7. The conical
shock generated by the cone intersects the upstream-facing
shock, and this intersection induces the transmitted shock
which interacts with boundary layer. The interaction between
transmitted shock and boundary layer induces ﬂow separation.
The transmitted shock reﬂects at the wall, which causes the
peak pressure. It can be seen from Fig. 8 that the pressure dis-
tribution along the wall is variable but similar with time
increasing. The high-pressure region between primary shock
and upstream-facing shock becomes larger with time increas-
ing because the propagating speed of primary shock is larger
than that of upstream-facing shock, and this result is in a good
agreement with the experimental data in Ref. 19.
The starting wave system propagates downstream rapidly
with time. With time increasing, the separation bubble in the
internal duct undergoes a generating, growing, swallowing
and disappearing process in sequence. The evolvement of tran-
sitional ﬂow ﬁeld during impulse starting of hypersonic inlet is
displayed in Fig. 9.
The primary shock passes through the throat at
t= 1.05 ms, and the supersonic gas following the primary
shock is compressed by cowl lip. During the time from
1.05 ms to 1.40 ms, the oblique shock induced by cowl lip
interacts with the boundary layer on the shoulder of ramp,
which induces a small separation bubble. This is the generation
period of separation bubble. During the period from 1.52 ms
to 1.66 ms, the upstream-facing shock sweeps the lip at
t= 1.52 ms, and the hypersonic test gas ﬂows into the internal
duct. So, the oblique shock induced by cowl lip becomes stron-
ger because of the increase of Mach number, which induces
larger ﬂow separation. This is the growing period of separation
bubble. The gas with high pressure upstream the primary
shock passes through throat completely when the time is over
1.66 ms. The separation bubble is swallowed gradually till it
disappears. These are the swallowing and disappearing periods
of separation bubble, which indicate obviously that the im-
pulse starting process of inlet is unsteady.
The mass ﬂow rate and the Mach number at throat are
monitored in order to judge whether the inlet starts or not.
The mass ﬂow rate through the internal duct is unsteady
during impulse starting, which can be seen from the time his-
tory of mass ﬂow rate at monitor surface and throat in
Fig. 10. At one time, the mass ﬂow rate at monitor surface
and throat are different, which proves that the mass ﬂow rate
is unsteady and does not abide the ﬂow continuity law.
Analyses made on the time history of mass ﬂow rate at
throat and the evolvement of ﬂow pattern with time increasing
show that the impulse starting process of inlet judged by the
ﬂow condition at throat can be divided into three stages in
the whole: (1) t< 1.05 ms, the gas at throat is stagnant because
the primary shock does not reach throat; (2) t= 1.05–1.66 ms,
during which the gas with high pressure between primary shock
and upstream-facing shock passes through throat with the mass
ﬂow rate changing greatly. The mass ﬂow rate rises abruptly
when the primary shock just sweeps throat at t= 1.05 ms. Dur-
ing time increasing from 1.05 ms to 1.52 ms, the mass ﬂow rate
increases in the whole with some ﬂuctuation, and the mass ﬂowrate at throat reaches the maximum value at t= 1.52 ms. With
time increasing, the mass ﬂow rate decreases initially and then
ig. 10 Time history of mass ﬂow rate at throat for Ma= 6.5.
(a) t=0.60 ms
(b) t=1.05 ms
(c) t=1.30 ms
(d) t=1.40 ms
(e) t=1.52 ms
(f) t=1.66 ms
(g) t=1.72 ms
(h) t=2.00 ms
(i) t=2.40 ms
Fig. 9 Transitional ﬂow ﬁelds (Mach number contours) at
Ma= 6.5.
Numerical study of unsteady starting characteristics of a hypersonic inlet 567FFig. 11 Mass ﬂux (qU) contours.increases slightly from 1.52 ms to 1.66 ms, and the hypersonic
test gas ﬁlls up throat at t= 1.66 ms; (3) the mass ﬂow rate
at throat decreases initially after t= 1.66 ms, and then remains
constant. The whole starting process of inlet lasts 2.4 ms.
During the second stage of impulse starting process,
the mass ﬂow rate at throat increases greatly with some
ﬂuctuation, which is shown in Fig. 10 with shadow. The mass
ﬂux (density q multiplied by velocity U) can represent the mass
ﬂow rate, and the non-uniform distribution of mass ﬂux leads
to the mass ﬂow rate at throat changing greatly. The distribu-
tion of mass ﬂux between primary shock and upstream-facing
shock is non-uniform with the feature of becoming large grad-
ually from primary shock to upstream-facing shock, and espe-
cially the mass ﬂux gradients is large at the interaction zone
between transmitted shock and boundary layer (lower-left of
the dashed curve), which is displayed with mass ﬂux contours
in Fig. 11.
The gas with non-uniform mass ﬂux passes through throat
serially, which causes the change of mass ﬂow rate at throat.
The evolvement of mass ﬂux contours during impulse starting
is shown in Fig. 12. It shows that the primary shock just passes
through throat at t= 1.05 ms and the mass ﬂow rate rises
abruptly. With time increasing, the gas with large mass ﬂux
(lower-left of the dashed curve) arrives at throat at
t= 1.20 ms and the mass ﬂow rate begins to increase. At
t= 1.52 ms, the gas with largest mass ﬂux passes through
throat and the mass ﬂow rate reaches the maximum value.
Eventually, the hypersonic test gas ﬁlls up throat at
t= 1.66 ms, and then the starting process enters the third
stage.
(a) t=1.05 ms
(b) t=1.20 ms
(c) t=1.36 ms
(d) t=1.52 ms
(e) t=1.66 ms
Fig. 12 Mass ﬂux (qU) contours at different time.
Fig. 13 Distribution of mass ﬂux at throat.
(a) t=2.85 ms
(b) t=3.85 ms
(c) t=6.00 ms
(d) t=10.00 ms
(e) t=13.50 ms
(f) t=14.50 ms
568 W. Wang, R. GuoThe mass ﬂux distribution across throat is unsteady after
the primary shock passes through the throat. With time
increasing, the mass ﬂux increases in the whole from
t= 1.05 ms to 1.52 ms but decreases in the whole from
t= 1.52 ms to 2.36 ms, which agrees well with the change of
mass ﬂow rate at throat. These are displayed in Fig. 13. In
Fig. 13, Y is the radial coordinate of throat.
It can be known that the non-uniform mass ﬂux distribu-
tion induced by the interaction between transmitted shock
and boundary layer is the main factor which leads to the mass
ﬂow rate at throat increasing greatly during the second stage of
starting process.
It can be known through the analyses of impulse starting
process that the primary shock drives the stagnant gas ﬁrstly
and this may beneﬁt the inlet stating.Fig. 14 Transitional ﬂow ﬁelds (Mach number contours) at
Mach number of 3.85.
(a)Ma=3.80
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inlet
The whole impulse starting process at Mach number of 3.85 is
similar to that at Mach number of 6.50, which can be seen
from the evolvement of transitional ﬂow ﬁeld during the im-
pulse starting at Mach number of 3.85 in Fig. 14. But the
starting duration at Mach number of 3.85 is longer and the
detailed ﬂow ﬁeld differs from that at Mach number of 6.50
obviously. The results show that the separation bubble on
the shoulder of ramp undergoes swallowing and disgorging
from t= 2.85 ms to 6.00 ms. But the ﬂow ﬁeld has almost
no change from t= 6.00 ms to 10.00 ms because the inlet is
working at the critical condition, which leads to the fact that
it costs long time for the separation bubble to be swallowed
into the inlet. The starting duration at Mach number of
3.85 lasts 14.50 ms.
The time histories of mass ﬂow rate at throat for different
freestream Mach numbers are similar and the propagating
speed of primary shock becomes slower with the freestream
Mach number decreasing, which are shown in Fig. 15. In
Fig. 15, H represents the altitude.Fig. 15 Time histories of mass ﬂow rate at throat for different
freestream Mach number.
Fig. 16 Starting duration vs freestream Mach number.The freestream Mach number inﬂuences the impulse start-
ing duration of inlet greatly, which is shown in Fig. 16. The
variable ts represents the impulse starting duration. It shows
that the impulse starting duration increases almost linearly(b)Ma=3.90 
(c)Ma=3.95 
(d)Ma=3.98 
(e)Ma=3.985 
Fig. 17 Mach number contours at different freestream Mach
numbers.
Fig. 18 Effect of accelerating performance of booster on self
starting Mach number of hypersonic inlet.
570 W. Wang, R. Guowith the decrease of freestream Mach number but rises
abruptly when the freestream Mach number approaches the
impulse starting Mach number. It is considered that the higher
propagating speed of starting shocks (including primary shock
and upstream-facing shock) of impulse wind tunnel causes the
shorter duration of impulse starting of inlet at high Mach
number. Therefore, the requirement to the effective runtime
of impulse wind tunnel is different for different freestream
Mach numbers, and the false unstarted phenomena of inlet
would turn up if the effective runtime of a wind tunnel is too
short.
3.3. Inﬂuence of accelerating performance of booster on self
starting ability of inlet
Apart from impulse starting manner, the self starting is an-
other important starting manner for hypersonic inlet. The self
starting of inlet is implemented by the method of accelerating
the freestream velocity to the self starting Mach number, so the
inﬂuence of accelerating performance of booster on the self
starting ability of inlet should be given more attention. At
the altitude of 16.0 km, the effect of accelerating performance
of booster on the self starting ability is numerically studied
based on the unstarted quasi-stable ﬂow ﬁeld at Mach number
of 3.80. The unsteady computational ﬂuid dynamics method is
applied and the variable law of Mach number with time is as-
sumed linearly.
With time increasing, the freestream Mach number in-
creases and the external compression wave moves close to
the lip gradually, which are displayed in Fig. 17. During self
starting, a separation bubble on the shoulder of ramp exists
until the freestream Mach number is accelerated to the starting
Mach number of 3.985. Once the freestream velocity is acceler-
ated to the starting Mach number, the separation bubble dis-
appears immediately and the inlet starts. The ﬂow ﬁeld
exhibits a sudden change during self starting process.
The accelerating performance of booster has almost no
inﬂuence on the self starting Mach number of inlet, which
can be seen in Fig. 18. The variable a andMas represent accel-
eration and self starting Mach number respectively.4. Conclusions
(1) The impulse starting and the self starting of hypersonic
inlet are unsteady.
(2) During the impulse starting of inlet, the ﬂow ﬁeld is
divided into three zones by primary shock and
upstream-facing shock. The primary shock drives the
stagnant gas in the inlet ﬁrstly, which may beneﬁt the
inlet starting. The separation bubble on the shoulder
of ramp undergoes a generating, growing, swallowing
and disappearing process in sequence.
(3) During the impulse starting of inlet, the non-uniform
distribution of mass ﬂux induced by the interaction
between transmitted shock and boundary layer causes
a large change of mass ﬂow rate at throat.
(4) A separation bubble on the shoulder of ramp exists until
the freestream velocity is accelerated to the self starting
Mach number during the self starting of inlet.
(5) The duration of impulse starting increases almost line-
arly with the decrease of freestream Mach number but
rises abruptly when the freestream Mach number
approaches the starting Mach number.
(6) The accelerating performance of booster almost has no
inﬂuence on the self-starting ability of inlet.
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